Abstract. The aim of this study is the application of electron magnetic resonance (EMR) spectroscopy to determine the interactions between NaY and HY zeolites and Cu-Mn-Zn spinels loaded onto the zeolite surfaces. The materials were characterized using XRD and IR spectroscopies. Four types of EMR lines were observed for Cu-Mn-Zn/NaY, Cu-Mn-Zn/HY samples. The difference between the EMR spectra recorded at 77 and 293 K has been shown. The spectra recorded at 77 K allowed us to distinguish between the species formed on NaY and HY zeolites. The EMR spectrum of Cu-Mn-Zn/NaY recorded at 77 K showed only one line attributed to antiferromagnetic spinels Cu 1.4 Mn 1.6 O 4 and ZnMn 2 O 4 or/and Cu 0.5 Zn 0.5 Mn 2 O 4 . The spinels appeared to be more stable (more strongly attached) on HY zeolite than on NaY one. It was proved that different strength of interactions between the zeolites and Cu-Mn-Zn spinels was caused by differences in the acidity of NaY and HY zeolites.
Introduction
Mixed oxides of copper and manganese have found many applications in laboratory and industry, e.g., in catalysis. Fierro et al. [1] performed the preparation and characterization of different catalysts containing Cu-Zn-Mn oxides. It has been also reported by Fei et al. [2, 3] t hat Cu-Mn-Zn oxides supported on HY zeolite are active catalysts for dimethyl ether (DME) synthesis from syngas via direct CO hydrogenation. One of components of these catalysts is the non-stoichiometric spinel Cu 1.4 Mn 1.6 O 4 beside other Cu-Mn-Zn oxides. The system applied by Fei et al. [3] was chosen by us for the EMR study. Padlyak et al. [4] have employed EPR method to study Mn 2+ and Cu 2+ cations in lithium and potassium-lithium tetraborate glasses.
To the best of our knowledge, spinel compounds containing copper and manganese deposited on zeolites were not studied by the use of EMR spectroscopy. Bulk spinels of various compositions have been already investigated by EMR [5, 6] , but no EMR studies of zeolite-supported Cu-Zn-Mn oxides have been reported so far. It is worth mentioning that the observation of changes in EMR spectra can provide information on interactions between components of the zeolite-Cu-Zn-Mn oxide system and this study is aimed at applying EMR spectroscopy to the characterization of such interactions.
Experimental
In the present study, commercial NaY (Katalistiks) and HY zeolites have been used as supports for spinels. They were modifi ed by copper-, manganese-and zinc-containing compounds according to the procedure given in Ref. [3] . The amount of Cu-Mn-Zn spinels on zeolites was 5 and 10 wt%. The catalysts were characterized with the use of XRD and IR spectroscopic techniques. However, the main technique applied in this study was the EMR spectroscopy.
XRD patterns were recorded on an AXS D8 Advance, Bruker diffractometer using K radiation ( = 0.154 nm) in the step scanning mode of 0.05° in the angle range between 10° and 60°.
The XRD studies were complemented by Fourier-transform infrared (FTIR) spectroscopy. Infrared spectra were recorded on a Vector 22 (Bruker) spectrometer. The pellets were prepared using the sample and KBr (1 mg and 200 mg, respectively) followed by pressing the mixture.
Surface properties of zeolites were studied by in situ FTIR spectroscopy of adsorbed pyridine. Self--supporting pellets of about 10 mg/cm 2 were prepared and placed into a glass cell connected to a vacuum line. FTIR spectra were recorded at 293 K. All the samples were activated at 673 K under vacuum before any characterization. Pyridine was adsorbed at 473 K and evacuated at various temperatures (473-673 K) for 30 min at each temperature. The FTIR spectra of the activated samples were subtracted from those recorded after pyridine adsorption.
The EMR measurements were carried out with an X-band EPR spectrometer type SE/X 2547 RADIO-PAN. The operating microwave frequency was in the range of 8.9 GHz with a magnetic fi eld modulation of 100 kHz. For all samples under study, the spectra were recorded at room temperature (293 K) and at liquid nitrogen temperature (77 K). Additionally, for all samples with the loading of 10 wt%, EMR spectra were recorded in the temperature range of 77-373 K.
Results and discussion
In order to distinguish which kind of zeolite surface centers participate in the interactions with spinels, pyridine adsorption on NaY and HY zeolites was performed. FTIR studies of adsorbed pyridine (Py) on NaY zeolite revealed the presence of very weak Lewis acidity coming from extralattice Na + cations (Py-Na + ). This acidity is characterized by the presence of the band at ~1445 cm -1 [7, 8] . Evacuation up to 523 K caused the disappearance of this band. On the other hand, no Brønsted acidity was detected on this zeolite, as evidenced by the absence of the band at 1549 cm -1 , which can be ascribed to pyridine adsorbed on Brønsted acid sites (BAS) [8] (Fig. 1A) .
In the case of HY zeolite, both Brønsted and Lewis acidities were observed. The strength o f acid centers on the latter zeolite was much greater than that on NaY zeolite. The band at 1454 cm -1 originating from Lewis acidic sites (LAS) was clearly present even after evacuation at 673 K. Brønsted acid sites that formed pyridinium cations (PyH + ) after pyridine adsorption and gave the IR band at ~1545 cm -1 , as well as two other bands in the range of 1620-1640 cm -1 were also present (Fig. 1B) . XRD patterns and IR spectra recorded in the range of 400-1500 cm -1 confi rmed that the crystal structure of the NaY and HY zeolites after deposition of the Cu-Mn-Zn spinels was preserved. XRD measurements have shown that beside the diffraction peaks from zeolites, additional two refl ections appeared at 2 = 35.7° and 36.4° (Fig. 2) . The XRD profi les of modifi ed zeolites Cu-Mn-Zn/NaY and Cu-Mn-Zn/HY (10 wt%) as well as the spinels calcined at 723 K were compared with those found in the database JCPDS-International Centre for Diffraction. The data permitted to assign these two refl ections to Cu 1.4 The EMR spectra of Cu-Mn-Zn spinels (10 wt%) supported on NaY and HY zeolites were characterized by the presence of four types of EMR lines: -A very broad EMR line, the intensity of which was strongly increased and the linewidth was reduced with the decrease in temperature. We have attributed this line to the antiferromagnetic spinels Cu , electron high-spin S = 5/2, ground state term 6 S 5/2 ), which is characteristic of the interaction of the unpaired electron with the isotope 55 Mn nucleus (nuclear spin I = 5/2, abundance A = 1). These lines were observed only in the case of Cu-Mn--Zn/HY system but not in that of Cu-Mn-Zn/ NaY system. The observed EMR spectra of the two Cu 2+ complexes can be described by the spin Hamiltonian for axial symmetry in the form:
where
Spin Hamiltonian parameters of EMR spectra for samples containing Cu-Mn-Zn spinels supported on the NaY and HY zeolites (fresh samples) recorded at 293 K are given in Table 1 . The value of hfs splitting a  could not be determined, because the hfs lines at the perpendicular orientation were poorly resolved. We have found that two types of Cu 2+ complexes I and II exist in the cages of the HY zeolite. Since the spin Hamiltonian parameters fulfi l the inequality g || > g  > g e = 2.0023, the orbital ground state of the unpaired electron of Cu 2+ cation for both complexes is |x 2 -y 2 . According to the Jahn-Teller effect, the Cu 2+ complex I has the symmetry of tetragonally elongated trans-octahedron D 4h , and Cu 2+ complex II has the symmetry of tetragonally distorted tetrahedron (pseudotetrahedron) D 2d [9] .
In the EMR spectrum of Mn 2+ complex, only six hfs components originating from the m s |-½>  |+½> transition were observed (see Fig. 5 ). Other transitions of this type were not visible due to the overlapping of fi ne structure lines. Between the six hfs lines, we have observed small additional peaks that resulted from the forbidden transitions described by Bleaney et al. [10] . These lines appear under circumstances where the zero-fi eld splitting (ZFS) has to be taken into account [11] .
Spinels on the surface of the zeolites maintain their original spinel structure. Ho wever, some cat- cations were observed in the EMR spectra of pure spinel. We have seen only a very single broad EMR line, which came from pure spinel phase (Fig. 3A) . A comparison of the EMR spectrum of the bulk spinels with spinels supported on N aY and HY zeolites at 293 K shows that exchange interactions between electron spins in the bulk spinels were strongly reduced after loading them on zeolites. The decrease in the size of the crystallites inside the zeolite cages led to the reduction in the exchange interactions in spinels. The reduction in the exchange interactions was revealed by a signifi cant reduction in the intensity of the EMR line. We have studied the temper ature dependence of EMR spectra for the investigated samples. Figure 3A shows the resonance spectra for antiferromagnetic Cu-Mn-Zn spinels in the temperature range between 77 and 373 K. It results from the aforementioned fi gure that the position of the resonance fi eld B res remains nearly constant with temperature, but the linewidth B pp strongly increases. It is worthy to notice that the resonance line intensity decreases with temperature.
EMR spectra of Cu-Mn-Zn/NaY and Cu-Mn--Zn/HY recorded at 77 K differ signifi cantly from those recorded at 373 K. The EMR spectrum of Cu-Mn-Zn/NaY contains only one line attributed to Cu-Mn-Zn spinels (Fig. 3B) . On the contrary, in the spectrum of Cu-Mn-Zn/HY sample, a smaller line from Cu 2+ complex is observed, in addition to the broad line (Fig. 3C) .
The intensity of the EMR lines recorded at 373 K for spinels supported on zeolites is very low, but it increases with decreasing temperature to 77 K. This effect is the most clearly seen in the case of NaY zeolite (Fig. 3B) . It is worth noting that the value of resonance induction of magnetic fi eld B res is nearly constant (Fig. 4) , as it was for pure spinels. The decrease in temperature leads to an increase of exchange interactions between electron spins and causes a reduction in the values of the EMR linewidth B pp (Fig. 4) . The linewidth B pp of pure spinels was well determinable to 403 K, while the linewidth B pp of spinels on HY zeolite was only to 133 K. In the case of spinels supported on NaY zeolite, the linewidth B pp of resonance line was determined up to 273 K.
A comparison of the temperature dependence of EMR spectra of Cu-Mn-Zn spinels loaded ont o NaY and HY zeolites shows that intensities of the EMR lines for the spinels in HY zeolite are weaker than those in NaY zeolite. It leads to the decrease of the exchange interactions between electron spins in the spinel. This points to a signifi cant effect of the kind of aluminosilicate matrix on properties of Cu-Mn-Zn spinels. The interaction of Cu-Mn-Zn mixed oxides with zeolite HY is stronger than that with zeolite NaY (Fig. 3B and Fig. 3C ).
The spin Hamiltonian parameters of Cu 2+ and Mn 2+ complexes did not change with temperature for both zeolites.
The samples Cu-Mn-Zn/NaY and Cu-Mn-Zn/ HY were evacuated at different temperatures. The EMR spectra of evacuated samples recorded at room temperature did not show signifi cant changes of the lineshape, the line intensity and the spin Hamiltonian parameters. In the case of samples heated and evacuated at 673 K, the intensity of EMR spectra was reduced, if recorded at 77 K (Fig. 5) . This indicates that after the evacuation at 673 K, Cu-Mn-Zn spinels deposited on NaY and HY zeolites lost their stability. It is worth noting that for the sample Cu-Mn-Zn/ NaY, the line intensity was reduced by one order of magnitude. This may suggest that Cu-Mn-Zn antifer- romagnetic spinels on HY zeolite are more stable than those on NaY zeolite.
We believe that this phenomenon is caused by differences in the acid properties of the N aY and HY zeolites. FTIR measurements of samples with adsorbed pyridine have shown that the strength of acid centers on HY zeolite was much greater than that on NaY zeolite.
Conclusions
The study on the infl uence of Y type zeolites on EMR spectra of supported copper-manganese-zinc mixed oxide spinels have brought us the following conclusions.
The analysis of EMR spectra proved the occurrence of interactions between Cu-Mn-Zn spinels and NaY and HY zeolites. The results of EMR measurements point to the appearance of paramagnetic complexes containing Cu 2+ and Mn 2+ cations. The type of zeolite (NaY or HY) determines the character of the EMR spectrum of the investigated samples. In EMR spectra of Cu-Mn-Zn/NaY and Cu--Mn-Zn/HY samples recorded at 293 K the presence of two Cu 2+ complexes was observed (octahedral coordinated Cu 2+ , as well as Cu 2+ in pseudotetrahedral environment), whereas in the case of Cu-Mn-Zn/ HY sample an additional signal coming from Mn 2+ complex was recorded.
During the evacuation of all samples at 673 K, the signal intensity in the EMR spectra measured at 77 K was reduced. For Cu-Mn-Zn/NaY, this reduction was signifi cantly greater than that for Cu-Mn--Zn/HY. It was proved that different strength of interactions between the zeolites and the Cu-Mn-Zn spinels results from differences in the acidity of NaY and HY zeolites.
